Background: Determination of pediatric reference intervals (RIs) for laboratory quantities, including hematological quantities, is complex. The measured quantities vary by age, and obtaining samples from healthy children is difficult. Many widely used RIs are derived from small sample numbers and are split into arbitrary discrete age intervals. Use of intra-laboratory RIs specific to the examined population and analytical device used is not yet fully established. Indirect methods address these issues by deriving RIs from clinical laboratory databases which contain large datasets of both healthy and pathological samples. Methods: A refined indirect approach was used to create continuous age-dependent RIs for blood count quantities and sodium from birth to adulthood. The dataset for each quantity consisted of 60,000 individual samples from our clinical laboratory. Patient samples were separated according to age, and a density function of the proportion of healthy samples was estimated for each age group. The resulting RIs were merged to obtain continuous RIs from birth to adulthood. Results: The obtained RIs were compared to RIs generated by identical laboratory instruments, and to population-specific RIs created using conventional methods. This comparison showed a high concordance of reference limits and their age-dependent dynamics. Conclusions: The indirect approach reported here is wellsuited to create continuous, intra-laboratory RIs from clinical laboratory databases and showed that the RIs generated are comparable to those created using established methods. The procedure can be transferred to other laboratory quantities and can be used as an alternative method for RI determination where conventional approaches are limited.
Introduction
Determination of reference intervals (RIs) poses particular challenges in the pediatric population [ 1 ] . The dynamic anatomical and physiological development, particularly in the first years of life and during puberty, accounts for a high variability for many measured quantities with age. To accurately represent the age-dependent characteristics of such quantities, relatively large reference cohorts are required for the generation of RIs with an adequate ageresolution. The classical approach of sampling a healthy reference population and using the 2.5th and 97.5th percentiles as the lower or upper reference limit [ 2 -4 ] can often not be applied to children. Reference populations such as healthy blood donors, often referred to when determining RIs for the adult population, are not readily available and ethical considerations would restrict blood sampling from healthy children for the purpose of reference interval generation [ 5 ] .
Only few studies have embedded blood sampling in the context of a more comprehensive study objective, e.g., the Canadian CALIPER study [ 6 -8 ] and the German Health Interview and Examination Survey for Children and Adolescents (KiGGS), which collected 14,076 blood samples from a representative German cohort of children aged from 1 to 18 years [ 9 ] . The considerable effort associated with this study design makes it impossible, however, to apply this approach to any possible quantity and age group. Although clinically most relevant in neonatal medicine, the critical age group of newborns and young infants had been excluded by the KiGGS survey and other studies.
Therefore, in many laboratories, RIs have been adopted from values provided by the literature or the analyzer ' s manufacturer irrespective of the underlying ethnical background of the reference population or additional influence factors due to methodological differences [ 10 ] . Even these RIs are often derived from very small sample sizes, well below the International Federation of Clinical Chemistry and Laboratory Medicine ' s (IFCC) recommendation [ 10 , 11 ] .
Alternative approaches evading several of the above mentioned obstacles, apply algorithms to calculate RIs from laboratory values containing a mixture of healthy and pathological samples [ 12 -17 ] . These methods are based on the assumption that the input dataset consists of a mixture of parametrically distributed samples from healthy individuals, and random pathologic samples. When applied to a sufficiently large dataset, these two sample sets can be reliably separated and the pathological samples have no significant impact on the healthy population ' s RIs. The underlying parametric distribution of healthy samples is estimated by statistical methods, and its 2.5th and 97.5th percentile defines the RI.
Another shortcoming of conventional pediatric RIs is that age ranges are often arbitrarily chosen irrespective of developmental stages. In analogy to other developmental quantities, routinely specified in relation to age (e.g., height-for-age charts, blood pressure percentiles), a continuous description would also seem to be an appropriate approach for laboratory quantities.
The aim of the study was to augment previously developed algorithms for indirect RI calculation to create continuous RIs for pediatric laboratory quantities. The correctness of the generated RIs for hematologic quantities and sodium was tested by comparing them to RIs determined by established methods.
Materials and methods

Data source
All blood counts performed during a 29-month period at the University Children ' s Hospital Erlangen -a tertiary care center covering the entire spectrum of pediatrics -were retrieved from the laboratory ' s database. For each quantity, between 56,253 and 60,394 measurements were available (see Supplemental Table 1 , which accompanies the article at http://www.degruyter.com/view/j/cclm.2013.51.issue-7/ issue-fi les/cclm.2013.51.issue-7.xml). Stratifi cation according to ethnicity was not performed; distinct RIs for diff erent ethnic groups are not established in Germany. The composition of the population in Germany is mainly infl uenced by migration of individuals of Caucasian origin.
Blood counts were performed on a Sysmex XE-2100 hematological analyzer (Sysmex Europe). The quantities examined were hemoglobin, hematocrit, red cell count, mean red cell volume (MCV), mean red cell hemoglobin (MCH), mean red cell hemoglobin concentration (MCHC), platelet count, red cell distribution width variation coeffi cient (RDWCV).
Data was also collected for plasma sodium. Sodium was chosen for comparison as it is a quantity which is largely stable during development, and its measurement is well-standardized. Plasma sodium measurements were performed on a COBAS Integra 800 (Roche Diagnostics).
Measurement accuracy and precision data is available in Supplemental Table 2 . The stability of each quantity over time during the study period is demonstrated by stable monthly median values (Supplemental Table 3 ).
Two diff erent data sets were created and compared in order to explore the stability of the method regarding the infl uence of pathologic samples: one containing the complete data set and another in which samples from patients in intensive care units and oncological units were excluded (41,517 -42,848 samples).
Calculation of continuous reference intervals
The calculation of continuous RIs was performed in three steps: First, the data was split into overlapping time frames. Discrete RIs for each time frame were generated using an algorithm published earlier by Arzideh et al. [ 12 , 13 ] . These calculated RIs were plotted in time/ value graphs and continuous splines were fi tted.
Timeline generation
For each quantity, all the samples were collated and split into overlapping ' time frames ' , each containing 750 samples ( Figure 1 B) . When multiple samples were available from a single patient, only one sample was included in each time frame (Supplemental Figure 1 ) . A sample count of 750 was chosen because pilot tests showed that 750 samples were the optimum compromise for accuracy and resolution (data not shown). This resulted in 122 -127 time frames for each quantity, and 114 -117 time frames when patients from intensive care units and oncology units were excluded (Supplemental Table 1 ). Due to the age distribution of our hospital population, time frames contain measurements for age groups spanning diff erent time ranges, depending on the number of patients within a certain age interval (e.g., the hemoglobin frame for age = 1 day contains only values for age = 1 day while the frame for age = 12.1 years contains values from 11.7 to 12.5 years).
Calculation of RIs
For the analysis of the data of single time frames, an expanded version of the algorithm developed by Arzideh et al. was used [ 12 , 13 ] . Briefl y, to obtain a non-parametrical function of the sample value distribution, a smoothed kernel density function is estimated ( Figure 1 A) . The resulting data set is assumed to consist of three subgroups, the non-diseased ( ' healthy ' ), and two subgroups with values lower and higher than those of the non-diseased subgroup. The subset of non-diseased samples is modeled using a Box-Cox transformed truncated normal distribution. The Box-Cox transformation is used to transform ' skewed ' distributions into symmetrical distributions and is defi ned as follows:
The two subgroups with lower and higher values are assumed to be non-parametrical functions. The parameters for the Box-Cox transformation and the truncated normal distribution are estimated using an optimization method (maximum likelihood method). This results in a parametrical distribution of the non-diseased samples. The distribution ' s 2.5th and 97.5th percentiles are calculated to obtain RIs [ 13 ] . This step is performed for each quantity and for each time frame ( Figure 1 ).
Creation of continuous splines
For each quantity, parametric curves for the 2.5th and 97.5th percentile were generated, one for the fi rst 180 days of life and one for the remaining time span from 180 days to 18 years ( Figure 2 A and B). The R soft ware ' s ' smooth.spline ' method was used to convert the RI points into a smooth spline [ 18 ] . This method was chosen as no assumptions are made about the model behind the data, and the upper and lower reference ranges are drawn independently.
Results
Continuous indirect RIs (iRIs) from birth to adulthood were created for hemoglobin concentration, hematocrit, red cell count, erythrocyte indices, RDWCV, platelet count and plasma sodium. The iRIs were analyzed for the influence of sample selection, were compared to instrument-specific RIs and to RIs determined using a validated approach.
Influence of sample selection
Generation of indirect RIs is based on the assumption that the portion of pathological samples has no significant influence on the generated RIs [ 13 , 14 ] . Within a pediatric hospital ' s population, patients from intensive care units and oncological departments are expected to contain the largest proportion of pathological samples, particularly concerning blood cell count and electrolytes. Two different datasets were created, one containing all samples and one in which samples from patients in intensive care units and oncological units were removed to test the influence of sample selection. Figures 2 -9 ). There is no difference in the iRIs after 180 days, whether samples from intensive care units and oncological units are removed, or not. All further analyses were therefore performed on the unfiltered data set.
In the first 180 days of life there is an apparent difference, which is especially pronounced in the first 100 days of life for the hemoglobin, red cell count and RDWCV RIs. This difference is attributable to the comparison of two different populations (preterm infants and term infants) which are not usually differentiated in clinical laboratory practice. [ 11 ] . (D) Calculated Hemoglobin RIs (continuous line) versus RIs determined in the KiGGS study (crosses) [ 9 ] . Data are presented in conventional units; factors for converting to SI units are as follows: hemoglobin, 1 mg/dL = 0.6206 mmol/L. KiGGS, German Health Interview and Examination Survey for Children and Adolescents.
Comparison with instrument-specific RIs
Comparison of different RIs is hampered by differences in methodology. RIs generated on the same analyzer system provided by the manufacturer were compared to the indirect RIs from our cohort. Figure 3 shows all iRIs, Figure  2 C shows the hemoglobin iRIs in comparison with those provided by the analyzer ' s manufacturer [ 11 ] . Figures for all quantities are available in the Supplemental Data (Supplemental Figures 2 -9 ) .
The calculated iRIs show curves similar to the RIs supplied by the manufacturer but differ in terms of exact placement on the y-axis. This displacement is especially pronounced in the first 180 days of life, resulting from two main factors. As discussed above, the differences are to be expected, as different populations are studied. In addition, the sample sizes underlying the instrument-specific RIs are very low (n = 37 -116 for age groups younger than 60 days, n = 44 -1955 for older children) [ 11 ] in comparison to the sample size from our cohort (n ≥ 750).
Comparison with RIs from the KiGGS study
Indirect methods for creating RIs have been criticized due to the lack of a precise definition of the reference population, the frequent failure to create RIs for non-normal distributions and being not applicable to laboratories other than the originating one [ 19 ] . A comparison with results determined using validated methods is therefore essential to assess the reliability of the indirect method applied in this study. For this comparison, the results of the KiGGS study were chosen, in which 14,076 blood samples were drawn from a representative German cohort, and percentile charts generated for children aged from 1 to 18 years; a stratification according to the ethnic background of the children was not performed [ 9 ] . (RIs for children under the age of 1 year were not included in the study, platelets, RDWCV and plasma sodium were not measured. Blood samples were taken either sitting or lying throughout the day and children were not required to be fasting. Analysis of hemoglobin concentration, red cell count, red cell indices and hematocrit was performed on an Abbott Cell-Dyn 3500).
Due to the large amount of data available we could also create RIs for the first 180 days of life; data for this age group are missing in the KiGGS study. Figures 2 -9 ). The computed differences between the iRIs and the KiGGS RIs are shown in Table 1 .
The hemoglobin, hematocrit and red cell count RIs are visually parallel, the lower RIs are nearly equivalent, the upper RIs diverge by about 0.6 g/dL (0.37 mmol/L), 1.9%, 0.2 × 10 6 / μ L (0.2 × 10 12 /L), respectively. The MCV RIs also run parallel, although the upper iRIs tend to be higher, especially for female children. Also, the RIs generated by the KiGGS study show an ascending slope for the MCV RIs in the first 6 years of life, which is less pronounced in the iRIs. Except for an ascending slope for male MCH lower KiGGS RIs in the first 4 years of life, which has no representation in our iRIs, the MCH iRIs are congruent to the KiGGS RIs. The upper iRI curve for MCHC is congruent to the KiGGS RI curve, the lower iRI curve is shifted by about 1 -2 g/dL. Table 1 Relative differences between the calculated RIs and the RIs from the KiGGS study. The relative difference of the RIs calculated using our indirect method and the RIs published in the KiGGS study [ 9 ] was calculated. For each quantity, the difference between our RIs and KiGGS RIs was calculated for age = 1.5 years to age = 17.5 years (in steps of 0.5 years). The mean (without sign) and maximum difference (with sign) of 3rd and 97th percentile is depicted above. KiGGS, German Health Interview and Examination Survey for Children and Adolescents); MCH, mean red cell hemoglobin; MCHC, mean red cell hemoglobin concentration; MCV, mean red cell volume. Differences between the calculated iRIs and the RIs generated using validated methods are in the range of allowed measurement uncertainty ( Table 1 ) , i.e., the guidelines of the German Medical Association for laboratory quality control [ 20 ] allow a measurement inaccuracy for hemoglobin, hematocrit, red cell count and sodium of 4.0%, 5.0%, 4.0% and 3.0%, respectively. Overall, the two different approaches show a near-exact match.
Comparison with RIs calculated using a healthy control group
To enable the comparison to population-and methodspecific RIs we calculated RIs using the conventional approach of sampling a group of healthy children. Outpatient children presenting to our hospital for elective electroencephalography and endocrinology or neuropediatric evaluation (8 and 16 years) and out-patient children presenting to our hospital for elective electroencephalography, endocrinology or neuropediatric evaluation and elective surgery (160 days) were sampled. The 2.5th and 97.5th percentile of the resulting distribution after the elimination of outliers (Tukey ' s method) and the associated 95% confidence interval were calculated and compared to the indirect RIs ( Table 2 ). The comparison shows that the great majority of calculated RIs are within the expected bounds.
Continuity
Most RIs currently used are valid for discrete intervals. This approach is reasonable, as it is impractical to create RIs using established methods for every possible age. The extension of the indirect method for RI determination allows the creation of continuous RIs for each quantity, especially important in pediatrics. (Supplemental Table 4 contains a summary of the calculated RIs, tables containing distinct upper and lower reference limits for each day of life from birth to 18 years are available as a downloadable Supplemental Data file, Supplemental Data Table (Reference Intervals).zip.
Discussion
For clinical decision making, the availability of reliable RIs is crucial. While technical advances have improved the precision of available laboratory tests and enabled their widespread employment, the task of generating RIs remains challenging. Applying the conventional approach of establishing reference ranges by sampling a healthy reference population to pediatric laboratory quantities is laborious, ethically challenging and often not possible. There are therefore few age-specific RIs for the pediatric population and especially for neonates. Those pediatric RIs available are often heterogeneous and created decades ago using small reference populations. Standard textbooks [ 21 , 22 ] and current guidelines for the diagnosis of childhood anemia [ 23 ] refer to hemoglobin RIs created in 1978 using a Finnish cohort of as few as 52 children in certain age groups [ 24 ] . In this context, the development of in-house, instrument-specific pediatric RIs with sufficient age-resolution using conventional methods seems especially challenging.
These problems have led to the development of alternative approaches for RI creation. Indirect methods based on hospital databases, containing both pathological and non-pathological samples, have been proposed and used [ 12 -17 ] . Arzideh et al. have applied an indirect method to create valid RIs for creatinine and electrolytes [ 12 , 13 ] . In these instances a homogenous population was examined and the problem of age-dependent RIs did not have to be considered. The feasibility of generating continuous hemoglobin concentration RIs based on a hospital population was demonstrated by Virtanen et al. [ 25 ] , although in this case the separation of healthy and pathological samples was performed manually.
We augmented an indirect method to create continuous RIs from birth to adulthood. As proof of concept, we generated RIs for blood count quantities and compared them to existing RIs. The pediatric blood count was chosen, as it is one of the most commonly performed laboratory tests and its quantities are very important in clinical decision making. It is subject to significant and rapid change during development, making fine-grained age-resolution essential. Yet despite its importance in clinical decision making and its pervasiveness, available RIs are heterogeneous.
The results of the German KiGGS study were chosen for comparison. Those RIs were determined by direct methods, as recommended by the IFCC, using a sufficiently large sample size of 14,076 blood samples and represent the best available RIs for German children.
Comparison of the RIs created using our approach and those generated in the KiGGS study shows only minor differences. Despite the considerable effort invested in this study, RIs for neonates and infants up to 12 months could not be established. Using our indirect approach, it was possible to create continuous RIs from birth to 18 years with sufficient resolution in the first weeks of life. Table 2 Comparison of indirect RIs with RIs calculated using a healthy control group. The RIs calculated using the presented indirect method were compared to RIs determined using the conventional approach of sampling a healthy group of children. Out-patient children presenting for elective electroencephalography and endocrinology or neuropediatric evaluation (8 and 16 years) and out-patient children presenting for elective electroencephalography, endocrinology or neuropediatric evaluation and elective surgery (160 days) were sampled. The 2.5th and 97.5th percentile of the resulting distribution after the elimination of outliers (Tukey ' s method) and the associated 95% confidence interval are shown (n denotes the number of samples in the healthy control group). MCH, mean red cell hemoglobin; MCHC, mean red cell hemoglobin concentration; MCV, mean red cell volume; RDWCV, red cell distribution width variation coefficient.
The high concordance to RIs created using established methods is also reflected by the precise overlap of physiological landmarks, such as the Physiologic Anemia of Infancy between weeks 7 and 14 and the gender-specific diversion of, e.g., hemoglobin concentration after the age of 10 years. Also, the indirect RIs show the steep increase in platelets during the first 1 -2 months after birth and the following decline. The decrease in fetal red blood cells is shown by a corresponding drop in MCH and MCV until about 5 -6 months. The ability of our method to capture these biologic events is a strong indicator of its correctness. Plasma sodium representing less age-dependent quantities shows the expected constant RIs.
Unlike most common RIs for laboratory quantities -which are defined for discrete age intervals -the RIs developed using our approach are continuous from birth to adulthood. This seems sensible, as the underlying physiological changes which influence laboratory quantities are also continuous states rather than abrupt events.
We conclude that the approach presented generates valid RIs and can be used as an alternative, when conventional methods cannot be applied. Possible applications are the generation of RIs where none exist or when those available are of poor quality. Furthermore, the generation of RIs for defined subgroups such as ethnic populations, or children with chronic diseases is possible. With additional information the development of RIs stratified by gestational age is also possible.
Albeit less pronounced than during the first two decades of life, most laboratory quantities are subject to age-dependent variation from birth to old age. The use of age-dependent RIs should therefore not be restricted to pediatrics, but be expanded to adult medical specialties, particularly with respect to the increasing elderly patient population resulting from demographic change.
Conclusions
An extended indirect method was developed to generate continuous RIs from birth to adulthood with an excellent concordance to conventionally created RIs. This approach enables the establishment of RIs for a wider range of quantities and population groups where the conventional concept of RI creation is limited.
